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Abstract—For many years materials such as quarried sand, 
anthracite, and granular activated carbon have been the principal 
media-products traditionally used in water and wastewater filtration 
plants.  Pebble Matrix Filtration (PMF) is a novel non-chemical, 
sustainable pre-treatment method of protecting Slow Sand Filters 
(SSF) from high turbidity during heavy monsoon periods.    PMF 
uses sand and pebbles as the filter media and the sustainability of 
this new technology might depend on availability and supply of 
pebbles and sand, both finite resources.  In many countries there are 
two principal methods of obtaining pebbles and sand, namely 
dredging from rivers and beaches, and due to the scarcity of these 
resources in some countries the cost of pebbles is often 4-5 times 
higher than that of sand.  In search for an alternative medium to 
pebbles after some preliminary laboratory tests conducted in 
Colombo-Sri Lanka, Poznan-Poland and Cambridge-UK, a 100-year-
old brick factory near Sudbury, Suffolk, has produced hand-made 
clay pebbles satisfying the PMF quality requirements.  As an 
alternative to sand, crushed recycled glass from a UK supplier was 
used and the PMF system was operated together with hand-made 
clay balls in the laboratory for high turbidity removal effectively.   
The results of laboratory experiments with alternative media are 
presented in this paper. There are potential opportunities for 
recycled crushed glass and clay ball manufacturing processes in 
some countries where they can be used as filter media. 
 
Keywords— Clay brick balls, New Filter Media, Pebble Matrix 
Filtration (PMF), Recycled Crushed Glass, Sand, Slow Sand 
Filtration (SSF) 
I. INTRODUCTION 
ILTRATION using granular media is an old and well 
known technique used in both water and wastewater 
treatment: the process percolates untreated water through a 
bed of porous media with the raw water introduced over the 
top surface of the filter, and then treated water drained from 
the bottom.  Typically the filter unit consists of a tank, a bed 
of granular filter media, a layer gravel to support the media, a 
system of under drains to collect the filtered water, and a flow 
regulator to control the filtration rate.  Sand has been the 
traditional material used for filtration, however, due to 
operational and technological reasons granular material other 
than sand has sometimes used: crushed anthracite and 
granular activated carbon (GAC) is most usual, but, 
laboratory and field trials using recycled crushed glass have 
been conducted successfully in recent years [1]-[7]. In some 
cases anthracite or GAC has replaced sand. These less dense, 
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angular materials pack to a more open porosity than sand and 
gives rise to lower initial head loss and lower wash rates. 
They are, however, more expensive.  Also, dual media filters, 
in which coarse anthracite overlies finer sand, has become 
increasingly used as they can sustain higher rates of flow and 
deposits, compared to single media filters.  
 
In drinking water treatment most waterworks filters rely 
principally on media from 0.3 to 1.0 mm in size, although 
where they are used as pre-filters to slow sand filtration 
(SSF), different media and sizes are used.  Filtration of 
drinking water by SSF is an old and well known water 
treatment technique, highly recommended by the World 
Health Organization as a low cost, sustainable water 
treatment solution particularly suitable for rural areas in 
developing countries.  However, the operation of slow sand 
filters deteriorates during periods of increased raw water 
turbidity during heavy rain periods, causing disruption to 
continual operations.  A new development called pebble 
matrix filtration (PMF) can protect SSFs from high turbidity 
during heavy rain periods and sustain slow sand filters‟ 
operation with uninterrupted drinking water supply to rural 
communities.  This filter consists of a bed of large pebbles 
about 50-60 mm, in-filled for lower part of its depth with 
sand, hence this part becoming a mixed bed of sand/pebbles.  
The pebble/sand mixed depth varies between 0.8 and 1.0 m 
and with a pebble alone bed of 0.5 m above it, the total depth 
of a PMF varies between 1.3 and 1.5 m.  Pebble matrix 
filtration has been studied in the laboratory at University 
College London [8] followed by pilot field trials in Papua 
New Guinea [9] and Serbia [10] followed by first full-scale 
trials at a water treatment plant in Sri Lanka in 2008 [11].  
During its construction, problems were encountered in 
sourcing the required size of pebbles and sand as filter media. 
Due to the fact that in many countries the sourcing of uniform 
sized pebbles may be problematic, the performance of 
alternative media has been investigated for the sustainability 
of the PMF system.   In search for an alternative medium to 
pebbles after some preliminary laboratory tests conducted in 
Colombo-Sri Lanka, Poznan-Poland and Cambridge-UK, a 
100-year-old brick factory near Sudbury, Suffolk, has 
produced hand-made clay pebbles that have satisfied the role 
of pebbles.  A laboratory filter column was operated using 
these clay balls together with recycled crushed glass as an 
alternative to sand media in the PMF.  Results showed that in 
countries where uniform sized pebbles are difficult to obtain, 
clay balls are an effective and practical alternative to natural 
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pebbles [12], [13]. 
  
II. CLAY BALLS AND RECYCLED CRUSHED GLASS AS 
ALTERNATIVES 
A. Clay balls as an alternative to pebbles 
As briefly described above, during the full-scale plant 
construction it was found that due to scarcity of pebbles, and 
the difficulty of securing supply of requisite quantities of 
uniform size pebbles, sourcing from one site was not possible.  
Pebbles needed to be bought in a variety of mixed sizes and 
sorted on site manually.  In response to these problems of 
obtaining pebbles, the National Water Supply and Drainage 
Board (NWSDB) of Sri Lanka has encouraged the R & D 
division of the NWSDB to explore the possibility of using 
other alternatives to pebbles in PMF.   As a result a local 
brick company in Sri Lanka has produced some clay pebbles, 
but, after soaking in water for two weeks, the pebbles started 
to lose strength and even break up.  One of such disfigured 
pebbles is shown in Fig. 1.  Later it appeared that the local 
brick factory did not control the temperature in the kiln 
during the firing process, and simply burnt these bricks at 
temperatures low enough even to allow the workers to touch 
the bricks in the process. It is well known that differences in 
manufacturing methods give rise to differences in properties 





















Fig.2 Poznan Brown Clay Pebbles (Poland) 
      & Cambridge Stoneware Clay Pebbles (UK) 
 
  In order to increase the strength of clay balls and establish 
better firing conditions, further two types of clay balls were 
made, fired at different temperatures, and strength tests 
conducted before and after soaking in a water bath till 
saturation.  The first type of clay balls was made at a brick 
factory near Poznan, Poland and the second type was of 
stoneware clay, made and fired at the Cambridge Regional 
College, UK (see Fig. 2).  
 
Having established a reliable procedure for making clay 
pebbles, a 100-year old brick company (Bulmer Brick & 
Tiles) was first approached to prepare some trial clay pebbles 
from their own factory (London clay) and then to produce 
them in sufficient quantity so that a filter column could be 
operated using these pebbles at a later stage. 
The process of making the clay pebbles at the Bulmer Brick 
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Fig. 3 Making Hand-made Clay Balls at Bulmer-Brick 
Factory, UK 
B. Recycled crushed glass as alternative to sand 
For many years, quarried sand has been the principal 
media-product traditionally used in water and wastewater 
filtration plants.  However, recent independent studies by 
various researchers [3], [5], combined with practical trials, 
have clearly established that crushed recycled glass, properly 
processed and graded for the purpose can be used in both 
drinking and wastewater treatment and swimming pool water 
treatment.  Their findings have also shown that recycled 
crushed glass is equally good as sand or in some cases, a 
much more effective and more environmentally friendly 
alternative to sand.   
 
According to [3], there are three glass reprocessing 
companies in the UK (AllGlass, Eco Minerals and Dryden 
Aqua) that have the capability in Great Britain to produce 
commercial filter media made from recycled glass to PAS 102 
Standards.   The PAS 102 Standard has been developed by 
the British Standards Institute (BSI) in consultation with the 
Waste and Resources Action Programme (WRAP) to provide 
quality requirements for recycled glass as filtration media in 
drinking and waste water treatment applications. 
 
The company Dryden Aqua Ltd. has developed AFM 
(Active Filter Media) from recycled coloured glass bottles as 
an alternative filtration medium to sand.  In addition, 
  
Krystelline Group Ltd operates a reprocessing facility from 
Southern Ireland, which can supply the UK market.    
 
III. EXPERIMENTS WITH ALTERNATIVE FILTER MEDIA 
 
A laboratory filter column was operated using these clay 
balls together with recycled crushed glass as an alternative to 
sand media in the PMF at Cambridge University Engineering 
Department (CUED) in 2009.  The experimental filter rig 
comprised a 244 mm ID, 1.3 m long Perspex column with the 
top and bottom ends covered by two cones made of fiberglass 

































Fig. 4  Experimental Set Up 
A. Inlet Arrangement 
For experimental purposes kaolin is frequently used 
as“standard clay” and in the UK laboratory suppliers derive 
their stock from Imerys China Clays in Cornwall, with the 
size range from sub-micron to approximately 20 microns.  
Turbid river waters usually exhibit similar fractions of 
particulate matter.   
 
Therefore, a kaolin suspension made of Imerys China 
Clays (Grade-E) was stored in a 210 litre plastic tank and 
pumped into the header tank using a continuous rate pump 
while recirculating part of the flow back into the storage tank 
to keep the kaolin suspension in motion and hence reducing 
the rate of settling in the tank.  A continuous rate laboratory 
stirrer was also placed on the storage tank to minimize 
settling of kaolin in the tank.   
B.Outlet Arrangement 
The outlet section consisted of a filtrate pipe, back wash 
water supply connection and a drain pipe, all equipped with 
controlled valves. 
C.Turbidimetry 
The filtrate quality was measured using a HACH Ratio 
continuous flow turbidimeter and data transferred into a 
computer using a data logger.  As a precautionary device the 
data were also sent to a line printer as shown in Fig. 6.  The 
turbidimeter was calibrated using a diluted 4000 NTU 
Formazine Turbidity Standard purchased from Camlab Ltd, 
Over, Cambridgeshire.  Finally, a 200 mg/l kaolin suspension 
was diluted to known concentrations and calibrated against 
the NTU readings of the Ratio turbidimeter. 
D.Manometry 
Headloss through the bed was monitored at regular intervals 
through two manometer tapping points connected into a 
manifold with transparent plastic tubing and fastened on to a 
board attached with chart paper. 
E.Filter Media 
Filter media used for experiments with Clay balls and 
recycled crushed glass had the following properties: 
Clay balls about 55 mm in diameter, made by Bulmer Brick 
and Tiles Ltd, were used throughout the experiments in 
combination with Dryden Aqua recycled glass filter media of 
Grade „0‟ (d10 = 0.32 mm) and Grade „1‟ (d10 = 0.57 mm).  
IV. FILTER RUNS 
In total eleven filter runs were conducted using the above 
media.  The first five filter runs were conducted using clay 
balls in combination with Grade-1 (d10 = 0.57 mm) glass 
media, and the filter in continuous operation.  Runs 6 to 11 
were conducted intermittently again with clay balls in 
combination with either Grade-1 (d10 = 0.57 mm) glass, 
Grade-0 (d10 = 0.32 mm) glass or Grade 16/30 sand (d10 = 
0.59 mm).  The first five runs were also conducted at a 
constant mixed bed depth of 60cm, while varying the 
filtration velocity from 0.72 m/h to 1.33 m/h and inlet loading 
varying between 78 – 474 mg/l.  Intermittent operation was 
trailed in order to simulate the actual operating conditions of 
the PMF plant and the SSF plants in Sri Lanka.  Due to 
scheduled power cuts by the Electricity Board it was almost a 
daily event that all filters at Kataragama plant were operated 














1. Filter column 
2. Clay ball bed 
3. Clay ball + Glass (or sand) mixed 
bed 
4. Filtrate 
5. Inlet feed 
6. Kaolin suspension stock tank 
7. Stirrer 
8. Constant head tank 
9. Pump 
10. Back wash water 
11. Drainage water 
12. Manometer board 
  
 
All filter runs 6-11 were operated at a constant filtration 
velocity of 1.17 m/h and changing the mixed bed depth to 
either 31 cm or 62 cm, while attempting to keep the inlet 
kaolin loading closer to 500 mg/l, but the actual figures 
varied from 511-589 mg/l.    
V. RESULTS AND DISCUSSION 
The main parameters studied were filtrate turbidity and head 
loss development at regular intervals.  These are the two key 
pieces of information required particularly in pre-filtration 
studies, which indicate the efficiency of a pre-filter in 
removing particles from suspension, and cause the changes in 
permeability due to pore clogging.  The effectiveness of the 
filter depends on a number of well-known physical 
parameters such as size and shape of the granular media, 
depth of filter media, filtration velocity, clean-bed porosity 
and many other surface properties of the media and the 
suspension to be filtered.  The experiments were conducted 
with suspensions of kaolin clay in tap water and no other 
water quality effects were monitored in this study due to the 
subsequent stage of slow sand filtration which is known for 
its ability for high water quality improvements.  The PMF is a 
pretreatment system, specifically designed to remove high 
sediment load and is not responsible itself for producing the 
finished quality of water.   
 
A summary of the experimental programme is given in Table 
I and the results with inlet suspended solids load, filtrate 
turbidity and total head loss values at different time intervals 
are presented in Table II.  During these filter runs the filtrate 
quality was monitored continuously and headloss readings 
were taken every 30 minutes whenever possible.  For filter 
runs with intermittent mode of operation headloss values at 6, 
12 and 19 hours are presented as an accumulative figure as 
though the filter was operated continuously.  The actual 
pattern of headloss with the drops in headloss due to 
intermittent nature can be seen in headloss graphs.  
 
All eleven filter runs produced filtrates of below 25 mg/l 
within the operating run times of up to a maximum of 24 
hours, with head losses as low as 4.0cm (Grade „1‟ glass) to a 
maximum value of 48.0 cm (Grade „0‟glass).  Although these 
laboratory tests were terminated after a 24 hour run time, in 
practice the maximum run times due to headloss criteria is 
determined by the available hydraulic head which may be 
around 1.5-2.0 m, therefore, a much longer filter run time 


























































































A typical graph (Run 6) showing the inlet SS load and filtrate 
quality is shown in Fig. 5.  Comparison of filtrate quality for 
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Fig. 5 Graph of Inlet Loading and Filtrate with Time (Run 6) 
  
 
Fig. 6   Comparison of filtrate quality for sand and crushed glass (Runs 7 & 10) 
 
As shown in Fig. 5, Run 6 was operated using a mixed bed of 
clay balls and a recycled glass depth of 75 cm with 27 cm of 
plain clay balls on top, giving a total bed depth of 102 cm. 
The recycled glass had an effective diameter of 0.57 mm, and 
the filter was operated intermittently over three days at an 
approach velocity of 1.17 m/h and the average inlet turbidity 
was 552 NTU over the total run time of 23 hours. After 6 
hours of operation at the end of the first day the headloss had 
increased from an initial value of 6.1 cm to 9.5 cm when the 
run was terminated. However when the run resumed the next 
day the headloss had dropped to 8.5 cm. Similarly after 10 
hours of operation on the second day (16 hours since the start 
of operation) the headloss was recorded at 14.1 cm, but, when 
run resumed the next day it had again fallen back to 10.1 cm. 
After 7 hours of operation on the third day (23 hours since 
start) the headloss was recorded at 16.1 cm It was also 
noticed that the rate of headloss increase remained more or 
less constant throughout the intermittent operating cycles.   
 
It could be concluded that if the filters were operated on a 
continuous basis, assuming a linear headloss development 
with time, a headloss of 16.1 cm would have reached only 
after 18 hours of operation suggesting an extra 5 hours of run 
time had been gained due to the intermittent mode of 
operation. At a limiting headloss of 1.5-2.0 m, the gain in run 
time could even be more significant.  This also indicates that 
when headloss becomes a limiting criterion for terminating 
the filter run, the intermittent mode of operation can prolong 
the filter run by an extra few hours without the need for 
cleaning.   In general the filtrate was well below the 25 mg/l 
limit recommended for SSF input as shown in Fig. 6. 
 
With a similar bed depth (mixed bed = 75 cm) and under 
similar operating conditions sand media (Run 11) also 
produced very similar filtrate quality graph, however the final 
headloss after 19 hours of operation was 22.6 cm, which was 
5.6 cm (33%) higher than in the case of a bed of glass media 
(Run 6).  Also with the lower bed depth (mixed bed = 31 cm), 
the sand bed again produced a 28% higher headloss (Run 10) 
than in the glass media (Run 7).  Filtrate quality of the glass 
media was slightly superior to that of the sand bed.   
 
The form of the filtrate plots is typical, showing with an 
improvement in the early stages (equivalent to rapid filters), 
followed by a slow deterioration, and then a marked decline 
in quality to the breakthrough (expected limit 25 mg/l) and 
beyond.  A few transient peaks can be seen up to the 
breakthrough point; it is believed that these were due to 
minor dislodgement of deposit, but as explained earlier they 
did not last long enough to have any marked effect on the 
performance downstream of a slow sand filter.   
 
VI. OPPORTUNITY AND MARKETS FOR GLASS RECYCLING AND 
BRICK BALL MANUFACTURING 
A. Glass Recycling  
The markets for glass container cullet may be broadly 
considered under two main categories: (i) new glass 
containers, and (ii) all other uses.  The latter uses include the 
use as filter media, including golf courses, road pavements, 
brick manufacture, as an abrasive material and  as a new 
road-laying material called „glasphalt‟, to name but a few.  
While the glass container manufacturers can theoretically use 
all the colour-sorted cullet collected to make new containers, 
for many communities, there are significant barriers of 
transport cost and the problem of either marketing mixed 
colors or, more recently, having them processed with electro-
mechanical glass sorting equipment.   Most European 
countries recycle glass with Switzerland topping the list at 
92%, Finland 91%, Belgium and Norway at 88%, Germany 
87% , Ireland 40% and UK 34% [14]. 
 
In developing countries glass recycling markets are still not 
yet fully developed, and most non-recycled glass ends up in 
garbage bins, streets, rivers and waste dumps.  Therefore, 
there is a clear opportunity and market for glass recycling in 
the developing countries. 
B. Brick Ball Manufacturing 
The raw material for brick-making is usually the locally 
available clay (often alluvial soil, black cotton soil red soil) 
with sand added sometimes to get the right properties.  With 
the exception of the firing process, the brick production 
process is generally the same in most developing countries.  
In the case of clay brick balls, in the manufacturing process 
they are fired together with bricks in a brick factory, so the 
„manufacturing energy‟ is shared with the brick industry 
which is an advantage.  Furthermore, they are made with 
natural materials and produce virtually no emissions during 
their operational life.  Traditional brick-making industry 
using indigenous technology and raw material is a large job-
provider in many developing countries, and clay ball 
manufacturing could enhance business opportunities in these 
countries. 
  
VII. COST OF PEBBLES AND RECYCLED GLASS 
Following the Cambridge experiments, field trials using a 1 
m x 1 m x 3 m high filter model using clay balls are being 
undertaken (December 2011) by the NWSDB at Kataragama 
water treatment plant.  A brick factory in Sri Lanka has 
produced brick balls to required specifications at a cost of Rs 
15,000 (USD 135) per cubic metre.  The cost of uniform sized 
pebbles could reach double this amount today and clay balls 
production on larger scale may even be cheaper in the future, 
therefore, clay balls can be considered an attractive 
alternative to pebbles.  Taking into account the complete life 
cycle assessment, literature search [15] suggests that cost of 
recycled crushed glass is an equally or in some cases much 
more effective and environmentally friendly alternative to 
sand. 
VIII. CONCLUSIONS 
The main conclusions of this study are: 
 
1) Pebble Matrix Filtration is a simple, non-chemical 
pretreatment system that can be used for reducing 
high turbidity at water treatment plants, particularly 
suitable for small decentralized systems in both 
developed and developing countries. 
2) For the sustainability of the pebble matrix filtration 
system it was considered necessary to investigate the 
use of alternative media to pebbles and sand.  
Consequently „clay-balls‟ produced in a UK brick 
factory and recycled glass from a UK processor have 
been successfully tested in the laboratory as new 
filter media for pebble matrix filtration. 
3) Results showed that clay balls are an effective and 
practical alternative to natural pebbles, and recycled 
glass performs as well as or better than silica sand in 
the clarification process.  Headloss development 
during clogging is about 30% higher in sand than in 
glass media.  However, cleaning the filter by 
drainage is more effective in the sand media. 
4) There is opportunity and possibly a small market for 
clay brick balls and recycled glass in some countries. 
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